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Abstract

Hybridization could result in genetic diversity and provide abundant germplasm resources for cross-breeding. Moreover, the diversity of fruit color is a

typical phenotypic characteristic of hybrid varieties. In this study, metabolism and transcriptome were combined to uncover the major metabolites and

molecular mechanism that result in four different fruit color formations in hybrids from two Lycium species. Most differential accumulated metabolites

(DAMs) were detected in the black vs dark red comparison. The components that impact fruit sweetness were more abundant in dark red and yellow_spot
fruit, and most of the DAMs in flavonoids were highly accumulated in yellow fruit. Some functional oligosaccharide were highly accumulated in yellow_spot
and yellow fruit. Dihydroflavonol-4-reductase (DFR) and Lba06g02831 are the key genes in the formation of spots in yellow fruit. The different content of
some key metabolites is related to various oxidative reactions and gene modification. This study provides a fresh viewpoint on uncovering the mechanisms
in fruit color formation of wolfberry, and lays the foundation for the synthesis and metabolic pathways of substances related to fruit quality and color in

wolfberry.
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Introduction

Hybridization is a well-known phenomenon in nature, and plays
an important role in plant evolution, adaptation, and new species
formation, as a critical mechanism of genetic variation('-2, Hybridi-
zation can produce new phenotypes and genotypes through
transgressive segregationt3, and these new phenotypes and geno-
types could increase genetic diversity and provide abundant
germplasm resources for breeding.

Fruit is the unique reproductive organ of angiosperms and is a
significant success in their evolution. It is extremely important for
the sexual reproduction of plants, and determines plant adaptation,
survival, and reproduction. As the key driving factors, fruit color
drives species adaptive differentiation in multi-level ecological
genetic feedback through reproductive isolation, geographical
expansion, and even macroscopic evolutionary patternsi*3, there-
fore, the role of fruit-colour variation in species diversification has
long been of interest in plant evolution and phylogeny®. In the
evolutionary process, the characteristic of fruits have been differen-
tiated, and multiple fruit types have emerged that can adapt to
complex environments, including the diversity of fruit colors”2l. In
addition, fruit color is the first sensory perception of fruits and is the
commercial value of fruits; therefore, it is a key focus target trait in
breeding.

Most fruit colors depend on the content and type of antho-
cyanins and carotenoids, and some other phytochemicals or
metabolites which are beneficial for human health®. Therefore, the
fruit color determines the flavor and functional value of the fruit.
Most fruit colors are basically determined by the substance content
and their ratio, such as anthocyanins, flavonoids, and carotenoids.
The type and content of anthocyanins give the fruit colors such as
red, blue, and purple, while carotenoids give the fruit colors such as
yellow, red, and orange!. The diversity of fruit colors is the result of
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the comprehensive presentation of plant pigments, and differences
in the types of these three pigment substances can also occur
between different germplasms of the same plant species!'?. In addi-
tion, transcription factors could regulate color-related gene expres-
sion, and affects the formation of fruit color by binding to the
promoter regions of related genes, activating or inhibiting gene
expression. For instance, MYB transcription factors play an impor-
tant regulatory role in the synthesis and accumulation of antho-
cyanins, carotenoids, and chlorophylll''-131, Like MYB, NAC regulate
the synthesis and accumulation of anthocyanins and other
pigments!'¥, MADS-box participate in the metabolic regulation of
carotenoids and chlorophyll'%), and WRKY play a role in antho-
cyanin and carotenoid biosynthesis!'6],

Lycium barbarum and Lycium ruthenicum Murr. are two major
species of Lycium genus in the Solanaceae family. L. barbarum has
been used as valuable medicinal herb for thousands of years due to
its abundant bioactive compounds!'’l. L. ruthenicum has been
treated as a traditional Tibetan medicine, it was developed as a
nutrient food in recent years due to its high anthocyanin content
and antioxidant activity!'8l. The fruit of L. ruthenicum is black or dark
purple, while the fruit of L. barbarum is bright red or yellow. The
different fruit colors are mainly attributed to the content and ratio of
anthocyanins, flavonoids, and carotenoids!'-2"1, Previous research
found that the high content of carotenoids, mainly composed of
zeaxanthin, was accumulated in the red fruit of L. barbarum, but not
found in the fruit of L. ruthenicum!22,

A previous study found that flavonoids are the most important
compounds in wolfberry fruit, phenylalanine ammonialyase (PAL),
chalcone synthase (CHS), and flavonone 3-hydroxylase (F3H) are
three key genes in the accumulation of flavonoids. Anthocyanin
biosynthesis, flavonoid biosynthesis, and phenylpropane biosynthe-
sis are the three main pathways related to flavonoid biosynthesis
in wolfberry!23], Previous research has laid the foundation for the
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metabolite characteristics of different wolfberry fruit colors, but
there are still a few scientific problems that need to be further
studied and resolved: the molecular mechanism of different fruit
color formation; the influence of color differences on fruit flavor; and
the effect of different colored fruits on plant resistance. In the field
investigation, it was found there are sympatric distribution areas of
L. ruthenicum and L. barbarum, and most individuals in this region
show a variety of phenotypes in tree shape, leaf, and fruit, some
individuals are similar to L. ruthenicum, some are similar to L.
barbarum, and some showed interspecific types of the two
species(?4l, Based on the phenotype and SSR marker, it was revealed
there are low level gene flow between these two Lycium species.
According to the research, the majority of gene flow and introgres-
sion was mediated by the backcrossing of hybrids with the two
parents, the interspecific type of the two species are hybrids and
descendants generated after back-crossing!?>l. Although the plant
type, leaf shape, and fruit shape are diverse, there are four major
types of fruit colors: black, dark red, yellow, and yellow_spots
(Fig. 1). These wild germplasms with multiple fruit colors accumu-
late rich genetic resources during long-term adaptation to environ-
mental changes, which is the rich material basis for the innovation
of the wolfberry germplasm. Based on the theoretical significance
of hybrid progeny in the study of evolution, and the new species
formation, as well as the application value in breeding, these natu-
ral hybrids and phenotype variation provides ideal materials for
species formation, interspecific hybridization, and new variety culti-
vation of Lycium.

In the present study, metabolism detection was combined with
transcriptome sequencing to uncover the major mechinism that
regulate fruit color of the four types of hybrids, and further reveal
the relationship between different fruit colors and flavors in lycium,
even other horticulture plants. These studies could help to reveal
the mechanism for the evolution, new species formation, and phylo-
genetics of Lycium species, and illustrate the possible mechanism of
interspecific hybridization and introgression on the color formation
of offspring, as well as new variety cultivation of Lycium.

Materials and methods

Plant material
Four types of colored fruits were collected from a sympatric
region mentioned in our previous research in August 2022[251, All

1 cm

dark red

Fig. 1

The four fruit colors of hybrids collected in the field.
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fruit samples were free from pests and diseases and fully mature to
ensure they are all in the same developmental stage, and physiologi-
cal time. For each type of fruit, three replicates for each group were
prepared for transcriptome and four replicates of each group for
metabolites detection(2%l. All collected fruit samples were stored in
liquid nitrogen for the following experiments. Sample collection was
approved by the local forestry department.

Metabolite profiling analysis

Metabolite extraction and HPLC-MS/MS analysis

LC-MS/MS  analyses were conducted using ExionLC™ AD
system paired with a QTRAP® 6500+ mass spectrometer (SCIEX,
Framingham, MA, USA). Sample pretreatment methods, instrument
conditions, identification, and quantification of metabolites were
performed as the company's standard procedures outlined in pre-
vious researchl27],

Metabolite identification, quantification, and data analysis

The HPLC-MS/MS data files were processed with SCIEX OS
(Version 1.4) for peak integration and correction, with primary
parameters set as follows: a minimum peak height of 500, a signal-
to-noise ratio of 5, and a Gaussian smoothing width of 18],

All detected metabolites were annotated based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG), Human Metabolome
Database (HMDB), and LipidMaps databases[?9l. Principal compo-
nent analysis (PCA), and partial least squares discriminant analysis
(PLS-DA) were conducted at MetaX[Bl,

Univariate analysis (t-test) was used to calculate the statistical
significance (p-value)B'l. Metabolites were classified as differential
accumulated metabolites (DAMs) according to the criteria of Vari-
able Importance in the Projection (VIP) > 1, p-value < 0.05, and fold
change 22 or <0.5832), The clustering heat maps were generated
using the pheatmap package in R language by applying z-score
normalization to the peak areas of DAMs.

RNA extraction, detection, and assessment

Total RNA of four types of fruit was extracted using TaKaRa
MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, China). The quan-
tification and qualification of RNA were assessed in a Bioanalyzer
2100 system (Agilent Technologies, CA, USA), combined with
agarose gel electrophoresis.

Library construction for transcriptome sequencing

The transcriptome sequencing library was constructed according
to the protocol of TruSeq™ RNA sample preparation kit from lllu-
mina (San Diego, CA, USA). The library was quantified by Qubit2.0
Fluorometer (Invitrogen, USA). After quantification, the sequencing
was performed in the NovaSeq 6000 (2 x 150 bp read length)31,

Data analysis

Quality control, mapping, and novel transcripts prediction

High quality clean data were obtained after quality control,
including low-quality read removal, adapters, and N base sequences
discarded. The clean reads were mapped to the reference genome
of Lycium (GenBank assembly Accession No.. GCF_019175385.1-
RS_2023_10) using Hisat2 v2.0.5B34. Novel transcripts were predicted
by StringTie (v1.3.3b) in a reference-based approach based on a
novel network flow algorithm.

Gene expression assessment and differential expression
enrichment

Gene expression levels were analyzed based on the FPKM (Frag-
ments Per Kilobase of transcript sequence per Million base pairs)
value that was calculated according to the gene length and read
counts mapped to genes in the Lycium genome by featureCounts
v1.5.0-p3B5l,
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Gene expression levels were detected using the DESeq2 R pack-
age (1.20.0), with the parameter set as p-value <0.05. All of the
differentially expressed genes (DEGs) were enriched in Gene Ontol-
ogy (GO), and KEGG pathway based on clusterProfiler R package, the
parameter set as p-value < 0.05[36],

Correlation network analysis of the metabolome and
transcriptome

Pearson correlation coefficients (PCC) of the correlated DEGs and
DAMs in each of the comparisons were calculated according to their
quantitative values using R (www.r-project.org). The top five DAMs
and top ten DEGs were selected to draw the metabolic and tran-
scriptional correlation network based on the mixOmics R package.

Quantitative real-time PCR (qRT-PCR) validation for the
transcriptome profile

The cDNA was synthesized with the PrimeScriptTM RT Master Mix
(TIANGEN, China) at 37 °C for 15 min, followed by 85 °C for 5 s. The
gPCR validation was validated with the 2-2ACT method with a total
volume of 20 pul containing 0.4 ul cDNA, 10 pl of TB Green Premix Ex
Taq Il (Tli RNaseH Plus)(2X)(TaKaRa, China), and 0.6 ul primer. The
amplification program was set as follows: 95 °C for 15 min, 50 cycles
of 10 s at 95 °C, and 32 s at 60 °C. All biological replicates were
analyzed in triplicate. The cDNA synthesis and qPCR validation were
performed in a CFX Connect Real-time PCR Cycler (Bio-Rad, USA). All
of the amplicons that presented a single melt curve peak were
selected, the primer information is shown in Supplementary Table S1.

b Class

~# Black -# Red -# Yellow -# Yellow spots
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GAPDH and LbCML38 were used as endogenous controls according
to previous research in Lycium!37.38],

Results

Metabolic profiling in the fruit of four hybrid types

A total of 993 metabolites were detected from four types of fruit,
and these metabolites were divided into 20 categories, including
182 amino acids and their derivatives (18.33%), 126 flavonoids
(12.69%), 101 carbohydrates and their derivatives (10.17%), and so
on (Fig. 2a).

All the biological replicates of the four fruit types were grouped,
indicating a high reliability of the generated metabolism (Fig. 2b).
PC1 and PC2 represented 28.54% and 20.01% variation, respectively.
The detected metabolites were clearly clustered into two main
groups: the black color fruits were clearly separated from fruits of
other types; and the fruits of the other three types were not clearly
separated.

The cluster heat-map of all DAMs showed that many types of
DAMs were detected (Fig. 2c), and all types of fruit possessed
unique, dominant, and higher-level DAMs. As Table 1 shows, consid-
erable numbers of DAMs were detected between the compared
samples, 357, 331, 313, 252, 205, and 143 DAMs in black vs dark red,
black vs yellow, black vs yellow_spot, yellow vs dark red, yellow vs
yellow_spot, and yellow_spot vs dark red comparisons, respectively.

Amino Acid And Derivatives (18.33%)
Flavonoids (12.69%)

Carbohydrates And Its Derivatives (10.17%)
Organic Acid And Tts Derivatives (9.97%)
Lipids (9.26%)

Organoheterocyclic compounds (6.55%)
Nucleotide And Its Derivates (6.04%)
Phenolic acids (5.24%)

Phenols And Its Derivatives (4.03%)
Phenylpropanoids and polyketides (3.52%)
Terpenoids (3.02%)

Amines (2.42%)

Vitamins (2.32%)

Alkaloids and derivatives (2.32%)
Phytohormones (1.71%)

Aleohols and polyols (1.01%)

Polyamine (0.40%)

Organooxygen compounds (0.40%)
Benzene and substituted derivatives (0.40%)
Organosulfur compounds (0.20%)

OEEF00NODECODEOODOEEDE

254

PC2 (20.01%)

_25_

20
PC1 (28.54%)

o[k
S0 MO[ K.

Fig.2 Metabolomic profiling of four fruit types. (a) Pie chart of metabolite class distribution. (b) PCA analysis of metabolites. (c) Heatmap of all detected

metabolites.

Zhang et al. Fruit Research 2025, 5: e045

Page 3of 15


https://www.r-project.org
https://www.r-project.org
https://www.r-project.org

Fruit

Research
Table 1. Detected DAMs in different comparisons.
No. of total No. of No. of
Compared samples Tgég;?ggl significantly significantly significantly
different up down
Black vs yellow 993 331 171 160
Black vs dark red 993 357 187 170
Black vs 993 313 164 149
yellow_spots
Yellow_spots vs dark 993 143 59 84
red
Yellow vs 993 205 97 108

yellow_spots

The highest numbers of DAMs were detected in amino acid and
derivatives (132), followed by flavonoids (89), carbohydrates and
their derivatives (80), organic acid and their derivatives (66), lipids
(45), organoheterocyclic compounds (44), and phenolic acids (41)
(Table 2). Amino acid and derivatives, flavonoids, and carbohy-
drates and their derivatives, are the three top DAMs in the black vs
dark red, black vs yellow, and yellow vs yellow_spot comparisons.
Amino acid and derivatives, carbohydrates and its derivatives,
organic acid and its derivatives, were the three top type DAMs in the
black vs yellow_spot, and yellow vs dark red comparison (Table 2).
Different to the above mentioned comparison, amino acid and
derivatives, flavonoid, and organic acid and its derivatives were the
most accumulated metabolites class in the yellow_spot vs dark red
comparison (Tab. 2).

A total of 54 DAMs classed in amino acid and derivatives were
found accumulated in black fruit, including eight essential amino
acids, histidine, valine, L-tryptophan, L-phenylalanine, isoleucine,
leucine, methionine, and threonine (Fig. 3a). While a total of 42
DAMs were found highly accumulated in dark red fruit, including
three essential amino acids L-threonine, L-lysine, and lysine (Fig. 3a).

Most of the DAMs in flavonoids were highly accumulated in
yellow fruit, such as lonicerin, isohemiphloin, hyperoside, myricitrin,
isoquercitrin, rutin, narcissoside, eriodictyol, isorhamnetin, rutinose,
and quercetin (Fig. 3b). Ophiopogonanone C, chrysin, malvidin
3-galactoside chloride, oenin chloride, petunidin-3-O-glucoside, pur-
purin, tricin 5-O-hexosyl-O-hexoside, neoeriocitrin, and naringenin
chalcone were highly accumulated in dark red fruit. Pinobanksin,

Table 2. Differential metabolites in six comparisons.

Molecular mechanism of different fruit in hybrids of Lycium

phlorizin, trilobatin, narirutin, naringin, and some other 14 DAMs
were highly accumulated in black fruit (Fig. 3b).

Organoheterocyclic compounds and lipids showed the same
cumulative characteristics in different comparisons, and the major-
ity of DAMs highly accumulated in black and yellow fruit, only a few
DAMs highly accumulated in yellow_spot and dark red (Fig. 3¢, d).

In carbohydrates and its derivatives, D-glucose, fructose, sucrose,
and some primary metabolites that have a significant impact on
fruit sweetness are more abundant in dark red and yellow_spot fruit
than in other fruit types (Fig. 3f). Other bioactive secondary meta-
bolites in carbohydrates and its derivatives, such as purpureaside
C and echinacoside were highly accumulated in yellow fruit,
coniferin has the highest content in dark red fruits, gentiobiose,
raffinose, galactinol, alpha-trehalose, and some other functional
oligosaccharide were highly accumulated in yellow_spot and yellow
fruit (Fig. 3f).

All in all, the majority of DAMs classed in organic acid and its
derivatives have low content in yellow fruit, common organic acids
that significantly contribute to sourness, such as citric acid, maleic
acid, and quinic acid have high content in yellow_spot, dark red,
and yellow respectively, L(-)-malic acid and fumaric acid have high
content in black fruit (Fig. 3e).

The DAM s classed in phenolic acids were dominated by coumaric
acid, cinnamic acid, ferulic acid, caffeic acid, shikimic acid, and their
derivatives. Notably, 1-caffeoylquinic acid, caffeic acid, and some
bitterness substance have the highest content in black fruit (Fig. 3g).

According to the KEGG annotation, the top enriched KEGG terms
between comparisons were slightly different. Biosynthesis of
secondary metabolites (43), phenylpropanoid biosynthesis (12),
galactose metabolism (11), amino sugar and nucleotide sugar
metabolism (10), and arginine and proline metabolism (10), were
the top five enriched KEGG terms in black vs dark red comparison
(Fig. 4a, Table 3). Biosynthesis of secondary metabolites (50), ABC
transporters (19), biosynthesis of amino acids (19), phenyl-
propanoid biosynthesis (13), and aminoacyl-tRNA biosynthesis (12)
were the top five enriched KEGG terms in black vs yellow compari-
son (Fig. 4b, Table 3). Metabolic pathways (80), biosynthesis of
secondary metabolites (42), ABC transporters (19), biosynthesis of
amino acids (16) and galactose metabolism (12) were the top five
enriched KEGG terms in the black vs yellow_spot comparison

Comparison/DAM Black vs Black vs Black vs Yellow vs Yellow vs Yellow_spot vs
dark red yellow yellow_spot dark red yellow_spot dark red

Amino acid and derivatives 55 75 55 60 46 33
Flavonoids 52 51 36 18 21 20
Carbohydrates and its derivatives 48 38 50 26 20 1
Organic acid and its derivatives 37 29 37 25 21 14
Phenolic acids 30 23 25 14 1 7
Organoheterocyclic compounds 22 24 20 13 18 8
Lipids 19 20 18 20 12 8
Nucleotide and its derivates 18 9 9 23 15 1
Phenylpropanoids and polyketides 13 13 7 12 6 1
Phenols and its derivatives 11 10 12 5 12 1
Vitamins 1 6 9 9 3 4
Alkaloids and derivatives 9 8 9 3 0 1
Phytohormones 8 6 5 8 3 3
Amines 6 6 8 4 10 3
Terpenoids 6 2 3 5 6 5
Alcohols and polyols 5 5 6 3 0 2
Polyamine 3 3 1 2 0 1
Benzene and substituted derivatives 2 1 2 2 1 0
Organooxygen compounds 2 2 1 0 0 0
Total 357 331 313 252 205 143
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(Fig. 4c, Table 3). Biosynthesis of amino acids (15), pyrimidine
metabolism (13), ABC transporters (12), aminoacyl-tRNA biosynthe-
sis (10), and alanine, aspartate, and glutamate metabolism (eight)
were the top five enriched KEGG terms in the yellow vs dark red
comparison (Fig. 4d, Table 3). Metabolic pathways (58), pyrimidine
metabolism  (seven), carbon metabolism (seven), tyrosine
metabolism (six), and amino sugar and nucleotide sugar metabolism
(six) were the top five enriched KEGG terms in the yellow vs
yellow_spot comparison (Fig. 4e, Table 3). Biosynthesis of amino
acids (nine), arginine biosynthesis (seven), ABC transporters (seven),
tyrosine metabolism (four), and zeatin biosynthesis (four) were the
top five enriched KEGG terms in the yellow_spot vs dark red
comparison (Fig. 4f, Table 3).

Sequencing quality and gene annotation

A total of 494,434,312 clean reads were obtained from 12
sequencing libraries of four types of fruit. As shown in Supplemen-
tary Table S2, the black fruit showed a lower mapping proportion
than the other three fruit types. The proportion mapped to the exon
region of the reference varied from 63.6293% to 72.3350%. The
percentage of the sequences in the intron region ranged from
9.3060% to 10.0248%, and the percentage of the sequences in the

Zhang et al. Fruit Research 2025, 5: e045

intergenic regions ranged from 20.1625% to 25.5662% (Supplemen-
tary Tables S3, S4). Raw data are available in the NCBI SRA database
(Accession No. PRINA1141763).

A total of 6,522 novel gene were annotated, 1,302 of them were
annotated in KEGG, the majority of the novel genes were annotated
in metabolic pathways (228), and biosynthesis of secondary
metabolites (162), in which the pathways that related to fruit quality
were phenylpropanoid biosynthesis (sly00940, 20), biosynthesis of
amino acids (sly01230, 20), starch and sucrose metabolism
(sly0o0500, 17), valine, leucine, and isoleucine biosynthesis (sly00290,
15), flavonoid biosynthesis (sly00941, 11), zeatin biosynthesis
(sly00908, 9), stilbenoid, diarylheptanoid, and gingerol biosynthesis
(sly00945, 9), fatty acid biosynthesis (sly00061, 4), isoquinoline alka-
loid biosynthesis (sly00950, 1), phenylalanine, tyrosine, and trypto-
phan biosynthesis (sly00400, 1), monoterpenoid biosynthesis
(sly00902, 1), cutin, suberine, and wax biosynthesis (sly00073, 1),
biosynthesis of unsaturated fatty acids (sly01040, 1), carotenoid
biosynthesis (sly00906, 3), and steroid biosynthesis (sly00100, 4) .

Identification of DEGs and enrichment analysis
The PCA results of transcriptome sequencing showed that all
replicates of four type fruit were grouped. As shown in Fig. 5a, PC1
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Table 3. Top enriched KEGG term and metabolites number in six comparisons.

KEGG term n’:':ta
Black vs red Biosynthesis of secondary metabolites 43
Phenylpropanoid biosynthesis 12
Galactose metabolism 11
Amino sugar and nucleotide sugar 10
metabolism
Arginine and proline metabolism 10
Black vs yellow Biosynthesis of secondary metabolites 50
ABC transporters 19
Biosynthesis of amino acids 19
Phenylpropanoid biosynthesis 13
Aminoacyl-tRNA biosynthesis 12
Black vs yellow spot  Metabolic pathways 80
Biosynthesis of secondary metabolites 42
ABC transporters 19
Biosynthesis of amino acids 16
Galactose metabolism 12
Yellow vs dark red Biosynthesis of amino acids 15
Pyrimidine metabolism 13
ABC transporters 12
Aminoacyl-tRNA biosynthesis 10
Alanine, aspartate and glutamate 8
metabolism
Yellow vs yellow_spot Metabolic pathways 58
Pyrimidine metabolism 7
Carbon metabolism 7
Tyrosine metabolism 6
Amino sugar and nucleotide sugar 6
metabolism
Yellow_spotvs dark  Biosynthesis of amino acids 9
red Arginine biosynthesis 7
ABC transporters 7
Tyrosine metabolism 4
Zeatin biosynthesis 4
No. meta means Number of Metabolites.
a s
dark red_3
dark red_1
25 dark red_2
_ group
3\: Black
; 0 @ vellow
5 ® dark red

=50

=60 40 =20 20
PC1 (31.87%)
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and PC2 represented 31.87% and 19.08% variation, the detected
genes were clearly clustered into three main groups, the black
colour fruit and the dark red colour fruit were clearly separated
from the yellow fruit and yellow_spot fruit, which do not show clear
separation.

The Venn diagram in Fig. 5 shows that yellow fruit and
yellow_spot fruit shared the most common genes compared to the
other comparisons, while the black fruit and the dark red fruit
shared the least common genes (Fig. 5b). DEGs were detected from
six comparisons, the highest amount of DEGs were found in the
black vs dark red comparison (7,259), and the least DEGs were found
in the yellow vs yellow_spot comparison (321) (Table 4).

All of the DEGs were classified into four sub clusters. The genes in
sub_cluster1 were lowly expressed in black fruit, and highly
expressed in the other fruit types. The genes in sub_cluster2 highly
expressed in black and dark red fruit, but lowly expressed in yellow
and yellow_spot fruit. The expression levels of genes in sub_cluster3
are roughly similar among the four fruit types. Genes in sub_cluster4
highly expressed in dark red fruit, and lowly expressed in black, and
the expression level in yellow fruit and yellow_spot fruit were lower
than that in dark red fruit, and higher than that in black fruit (Fig. 6).
A total of 122 DEGs were clustered in sub_cluster1, including four
UDPGT (UDP-glucosyltransferase) numbers, four p450 numbers,
HSP gene family number, and some transcription factors. In
sub_cluster2, there are 2,673 DEGs, including 86 pkinase domains,
39 p450 numbers, 29 peptidase domains, 20 UDPGT numbers, and
some transcription factors, such as AP2 (16), WRKY( 12), Myb (10),
and F-box (nine). The majority of DEGs (8,219) were clustered in
sub_cluster3, including 167 Pkinase family numbers, 89 p450
number, 80 pkinase_Tyr domain, 54 peptidase_S8 domain, 64 NB-
ARC family number, 50 UDPGT number, and 32 20G-Fell_Oxy family
numbers and some transcription factors, such as F-box(50),
Myb_DNA-binding (28), WRKY (22), and WD40 (17), the least amount
of DEGs (115) were clustered in sub_cluster 4.

yellow_with_s

Fig.5 PCA and Venn profiling of four fruit types in transcriptome. (a) PCA analysis of transcriptome. (b) Venn plot of DEGs.
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Table4. The number of detected DEGs in six comparisons.

Compare All Up Down
Black vs yellow 4,955 1,551 3,404
Black vs dark red 7,259 2,524 4,735
Black vs yellow_spot 5,382 1,334 4,048
Yellow vs dark red 3,642 1,740 1,902

Yellow vs yellow_spot 321 163 158
Dark red vs yellow_spot 3,453 1,507 1,946

All of the DEGs were enriched in KEGG, as shown in Fig. 7. In the
black vs dark red comparison, the carotenoid biosynthesis,
flavonoid, valine, leucine and isoleucine biosynthesis, galactose
metabolism, tyrosine metabolism, cysteine, and methionine
metabolism were the top six enriched pathway, but did not reach
significant levels. In the biosynthesis of amino acids and the phenyl-
propanoid biosynthesis pathway, the expression of DEGs did
not show significant levels, but enriched more genes than other
pathways (Fig. 7a). In the comparison of black vs yellow, biosynthe-
sis of amino acids, cysteine, and methionine metabolism were the
top two enriched pathways (Fig. 7b). In the comparison of black vs
yellow_spots, biosynthesis of cofactors, ascorbate and aldarate
metabolism, fatty acid biosynthesis, alanine, aspartate, and gluta-
mate metabolism were the top four enriched pathways (Fig. 7c).
In the comparison of dark red vs yellow, biosynthesis of amino
acids, flavonoid biosynthesis, amino sugar, and nucleotide sugar
metabolism, alanine, aspartate, and glutamate metabolism were the
top four enriched pathways (Fig. 7d). In the dark red vs yellow_spot
comparison, flavonoid biosynthesis, ascorbate, and aldarate
metabolism, and biosynthesis of amino acids were the top three
enriched pathways (Fig. 7e). In the comparison of yellow vs
yellow_spot, glycolysis/gluconeogenesis, carbon metabolism, pyru-
vate metabolism, biosynthesis of amino acids, biotin metabolism,
and citrate cycle (TCA cycle) were the top six enriched pathways
(Fig. 7f).

Integrated analysis of gene and metabolite
expression patterns

As shown in KEGG pathway enrichment analysis of DEGs
combined with DEMs, a few pathways showed tight correlation in
each comparison (Supplementary Fig. S1a-S1f), for example, the
DEGs and DAMs were closely correlated in the phenylpropanoid
biosynthesis pathway in the black vs dark red comparison. In yellow
vs dark red comparison, the DEGs and DAMs were closely correlated
in the arginine biosynthesis pathway, and alanine, aspartate, and
glutamate metabolism were closely related. In other comparisons,
the relationship of the DEGs and DAMs did not show a tight and
clear correlation in most of the KEGG pathways.

To further illustrate the mechanisms of metabolite accumulation
and transcriptional regulation, the interaction between all of the
DEGs and DAMs was analyzed. As shown in the correlation network
map of DEGs and DAMs in different comparisons (Fig. 8a—f).

In the black vs dark red comparison, the top five DAMs were
tightly correlated with Lba08g01714 (cytochrome P450 76A2,
C76A2), Lba11g01607 (1-aminocyclopropane-1-carboxylate oxidase
1, ACCO1), Lba10g01722 (acyl-acyl carrier protein thioesterase TE3),
Lba12g00892 (not annotated), Lba02g01126 (kinesin-like protein
KIN-12C, KN12C), Lba01g02894 (protein double-strand break forma-
tion, DFO), Lba11g02289 (not annotated), Lba10g02505 (very-long-
chain (3R)-3-hydroxyacyl-CoA dehydratase PASTICCINO 2), and
Lba10g02093 (RNA-binding protein 42, RBM42)(Fig. 8a).

In the yellow_spot vs dark red comparison, the top five DAMs,
including N-acetyl-L-valine, acetyl tryptophan, IAA-Asp, DI-2-
aminooctanoic acid, and N-acetyl-L-tryptophan, which were classed
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in amino acids and their derivatives, were regulated by novel.3911,
novel.4477, novel.5054, Lba03g00953 (Increased DNA methylation 1,
IDM1), Lba05g00520 (amino acid transporter, AVT6C), Lba06g02967
(guanosine nucleotide diphosphate dissociation inhibitor, GDI),
Lba07g00171 (AUGMIN subunit 8, AUGS8), Lba08g00101 (not
annotated), Lba10g00027 (Agenet domain), and Lbal2g00844
(FHA domain) (Fig. 8b).

In the yellow vs yellow_spot comparison, the top DAMs were N-p-
coumaroylputrescine, homocysteic acid, trimethyllysine, N-methyl-
nicotinamide, and O-p-coumaroyl-O-salicyloyl quinic acid, they were
regulated by Lba02g02641 (not annotated), Lba04g00458 (mono-
copper oxidase-like protein SKU5), Lba06g02831 (basic blue protein),
Lba08g01238 (protein of unknown function), Lba04g01273 (not
annotated), Lba11g02559 (senescence regulator), Lba06g00115 (not
annotated), Lba03g02325 (enolase 1), Novel.2332 (probable xyloglu-
can endotransglucosylase/hydrolase, XTH16), and Novel.5771 (puta-
tive AC transposase) (Fig. 8c).

In the yellow vs dark red comparison, the top ten DEGs that
regulated the top five DAMs were Novel.1169 (Actin-1, ACT1),
Novel.3911 (disease resistance protein Roq1, ROQ1), Lba06g02967
(GDI, guanosine nucleotide diphosphate dissociation inhibitor),
Lba01g02108  (UGT2, 7-deoxyloganetin  glucosyltransferase),
Lba12g00844 (Nijmegen breakage syndrome 1, NBS1), Lba03g00953
(increased DNA methylation, IDM1), Lba06g03445 (protein nuclear
fusion defective 4, NFD4), Lba08g01486 (IQ domain-containing
protein, 1QM3), Lba07g00171 (AUGMIN subunit 8, AUGS8), and
Lba08g01331 (not annotated) (Fig. 8d).

In the black vs yellow_spots comparison, the top ten DEGs were
Lba12g00895 (light-induced protein), Lba08g01714 (Cytochrome
P450 76A2), Lba09g00854 (cytochrome P450 76A2), Lbal0g01722
(acyl-acyl carrier protein thioesterase TE3), Lbal1g02289 (not
annotated), Lba03g01775 (4-coumarate-CoA ligase 2, 4CL2),
Lba12g00894 (light-induced protein), Lba02g01924 (trimethyltride-
catetraene synthase), Lba03g00991 (non-specific lipid-transfer
protein 1), and Lba07g01993 (not annotated) (Fig. 8e).

In the black vs yellow comparison, the top ten DEGs were
Lba11g02289 (not annotated), Lba03g01281 (14KD_DAUCA 14 kDa
proline-rich protein DC2.15), Lba05g02064 (protein detoxification
14, DTX14), Novel.4409 (aquaporin TIP1-1, TIP11), Lba02g02128
(7-deoxyloganetin glucosyltransferase, UGT2), Lba10g00535 (UGT9_
GARJA beta-D-glucosyl crocetin beta-1, 6-glucosyltransferase),
Lba02g01924 (trimethyltridecatetraene synthase), Lbal0g01722
(acyl-acyl carrier protein thioesterase TE3), Lba08g01714
(cytochrome P450 76A2, C76A2), and Lba09g00854 (bidirectional
sugar transporter SWEET14, SWT14), these ten genes were tightly
correlated with L-tryptophan, typhaneoside, echinacoside, scopo-
letin and alpha- -amino-beta (3-indolyl)-propionic-acid (Fig. 8f).

Realtime-PCR validation of DEGs in four fruit types

To test the credibility of RNA-seq data, 18 DEGs involved in
flavonoid, phenylpropanoid, a-linolenic acid, and linoleic acid
metabolism were selected to perform the quantitative RT-PCR. The
expression of selected DEGs was expressed in four type fruits. The
result of these genes in RT-PCR is consistent with the transcriptome
sequencing results, it proves the validation of transcriptome
sequencing (Fig. 9).

Discussion

The formation of fruit colors depend on the chemical compo-
nents related to pigments, and is greatly related to the species. The
difference in fruit color depend on the changes in the concentra-
tions of metabolites that are not only related to the fruit color, but
also the taste and quality.

Zhang et al. Fruit Research 2025, 5: e045
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Fig. 6 Differential genes classed in heatmaps, subclusters, and expressions in four fruit types. (a) Heatmap of DEGs. (b) Subcluster plots of DEGs.
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Fig. 8 Correlation network of the top metabolites and genes in four comparisons. (a) Black vs dark red, (b) yellow spots vs dark red, (c) yellow vs yellow
spot, (d) yellow vs dark red, (e) black vs yellow spot, (f) black vs yellow.
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Page 12 0f 15 Zhang et al. Fruit Research 2025, 5: e045



Molecular mechanism of different fruit in hybrids of Lycium

Although the phenotype differences between these hybrids fruits
are mainly manifested in color, according to the metabolism detec-
tion result, the highest DAMs, not only classed in pigments, but also
in fruit flavor and fruit quality related components, such as amino
acid and derivatives, flavonoid, carbohydrates, and its derivatives,
organic acid, and its derivatives, lipids, organoheterocyclic
compounds, and phenolic acids (Table 2). These results imply that
the different colors of fruits affected their flavor and quality.

As the PCA results showed (Fig. 3), the black colour fruit were
clearly separated from other fruit types, it is indicating that the
metabolite profiles in black colour fruit are obviously distinct to the
other three fruit types.

As the results of metabolism detection, phenylpropanoid biosyn-
thesis were the top enriched KEGG terms in the black vs dark red
comparison, and the black vs yellow comparison (Fig. 6a, b, Table 3),
but it is not the top enriched term in black vs yellow_spot compari-
son, in which metabolic pathways, biosynthesis of secondary
metabolites, ABC transporters, biosynthesis of amino acids, and
galactose metabolism were the top five enriched KEGG terms
(Fig. 6¢, Table 3), it suggests that the color with spots may be related
to the formation of the color of black fruit. In the previous research
on L. ruthenicum, a total of 14 anthocyanins were detected in fresh
fruit, and petunidin derivatives, which accounted for most of the
total anthocyanin, is the major component causing the black pheno-
type of fruit. The metabolism detection results showed that amino
acid and derivatives, flavonoids, and carbohydrates and its deriva-
tives were the three top type DAMs in the yellow vs yellow_spot
comparison (Table 2). Amino acids are involved in sugar
metabolism, indirectly affecting anthocyanin synthesis, and subse-
quently influencing fruit color. In addition, the components of
flavonoids mainly related to fruit color in yellow_spot fruits were
coumalic acid that is the precursor substances of flavonoid
biosynthesis39, the high content of coumaric acid may promote the
biosynthesis of many substances in the entire flavonoid biosynthe-
sis pathway, but the content of these substances may not reach a
significant level.

In the yellow vs yellow_spot comparison, there is only one DEG in
the flavonoid biosynthesis pathway, dihydroflavonol-4-reductase
(DFR), was found, but it did not reach a significant level. DFR is the
key gene in anthocyanin biosynthesis, it can use dihydrokaempferol
(DHK), dihydroquercetin (DHQ), and dihydromyricetin (DHM) as
substrates to reduce and produce different colorless anthocyanin
glycosides*?], the substrate specificity determines the type and
content of the anthocyanins in plants, resulting in different fruit
colors'l. Therefore, we speculate that the high expression of the
DFR gene possibly leads to an increase in the synthesis of antho-
cyanins in the fruits, resulting in fruit spot formation. In yellow vs
yellow_spot comparison, it was found that Lba06g02831 (basic blue
protein) were correlated with the top five DAM, especially positively
correlated with N-p-coumaroylputrescine that comes from the
connection of p-coumaric acid and putrescine through an amide
bond (Fig. 8c). It is further demonstrated that the role of coumaric
acid is promoted in flavoniod biosynthesis. In addition, the
Novel.5771 gene was positively correlated with the top five DAMs
(Fig. 8c). According to the annotation result, Novel.5771 is the puta-
tive AC transposase that could initiate recombination, leading
to genome rearrangement, and playing a role in the genome
evolution?], therefore, the formation of spot in yellow fruit maybe
related with the genome arrangement and evolution of Lycium.

In the black vs dark red comparison, naringin is one of the top five
DAMs, naringin belongs to the class of dihydroflavonoids that
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mainly involved in the accumulation differences of flavonoids and
carotenoids!“3l. Dihydroflavonoids are a class of plant flavonoid
metabolites, serving as precursor substances in the anthocyanin
synthesis pathway. Through catalysis by dihydroflavonol 4-reduc-
tase (DFR), it generates leucoanthocyanidins, which in turn form
anthocyanins, and ultimately determining the color of fruit. The high
accumulation of naringin in black fruit indicates that it is the main
reason for the color difference between these two fruits. Beta-
carotene hydroxylase 1(BCH), which is one of the top five DEGs
closely related to top five DAMs in the black vs dark red comparison,
catalyzes the synthesis of lutein and zeaxanthin from fS-carotene and
a-carotenel*, therefore, the different expression of BCH in black
and dark red fruit result in different content of lutein and zeaxan-
thin, and further lead to different fruit color. In addition, it was found
that Lba08g01714 (Cytochrome P450 76A2, CYP76A2) is one of to
five DEGs in the black vs dark red comparison, according to previ-
ous research, the members of the CYP76 gene family could catalyse
various oxidative reactions in many plant species“’l. For instance,
CYP76 are related to the biosynthesis of tanshinones!“6-48], at the
same time, it was found that the red or colorless pulp depends on
the CYP76ADs that may play a key role in the color-breaking step
leading to fruit color change in Pitaya fruit*?l. CYP76A26 converts
iridodial and iridotrial into 7-deoxyloganetic acid in Catharanthus
roseust%, CYP76B6 and CYP76C1 catalyze hydroxylation of
geraniol'l, Therefore, it was suspected that CYP76A2 may be
related with formation of color and some other key components,
but its function in Lycium plants needs further investigation. Besides
the above mentioned genes, Lba10g01722, that annotated as acyl-
acyl carrier protein thioesterase could catalyze the production of
medium saturated fatty chains in some plants5253, Lba10g02505
(very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase PASTICCINO
2) also related with fatty acid synthesis in plants>3-35., According to
the metabolism results, most of the lipids related to DAMs highly
accumulated in black fruit (Fig. 5g). Therefore, it is speculated that
the high level expression of Lba10g01722 and Lba10g02505 in black
fruit may be the possible reason for the high levels of lipid
substances in black fruit.

In the yellow_spot vs dark red comparison, biosynthesis of amino
acids, arginine biosynthesis, ABC transporters, tyrosine metabolism,
and zeatin biosynthesis were the top five enriched KEGG terms
(Fig. 6f, Table 3). In the top DEGs that were closely correlated with
top DAMs, Avté6 is involved in vacuolar amino acid compartmental-
ization®, IDM1 is a histone acetyltransferase belonging to the
GNAT subfamily of histone acetyltransferases, this protein partici-
pates in acetylation modification of the N-terminal tail of core
histones, and loosening the chromatin structurel®7:58], Therefore, it
was suspected that the formation of the top five DAMs in the
yellow_spot vs dark red comparison may be related with acetyla-
tion modification of histones. But there are no previous reports
about the function of IDM1 in Lycium plants, therefore further
research is needed.

In conclusion, different colors of the four types determined the
quality difference. Some functional oligosaccharide were highly
accumulated in yellow_spot and yellow fruit, while the components
that impact on fruit sweetness were more abundant in dark red and
yellow_spot fruit. The difference of amino acid and derivatives were
found in black fruit and dark red fruit, and most of the flavonoid
components were highly accumulated in yellow fruit. All of these
component differences were determined by gene expression level,
various oxidative reactions and gene modification. All of these
factors collectively lead to differences in fruit color, resulting in
differences in fruit quality.

Page 130f 15



Fruit
Research

Author contributions

The authors confirm their contributions to the paper as follows:
designed the study: Zhang D, Wang Z; wrote the manuscript: Zhang
D; designed the figures, analyzed, and statistically processed the
data: Cui M, Liu X; performed the experiments: Li T; revised the
manuscript: Shi W. All authors reviewed the results and approved
the final version of the manuscript.

Data availability

The datasets generated during and/or analyzed during the
current study are not publicly available due to [the project remains
unfinished], but are available from the corresponding author on
reasonable request.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (General Program) (32170239), and the Qing-
hai Natural Science Foundation (2022-7J-725).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at
(https://www.maxapress.com/article/doi/10.48130/frures-0025-0034)

Dates

Received 28 May 2025; Revised 5 September 2025; Accepted 9
September 2025; Published online 17 December 2025

References

1. Barton NH. 2001. The role of hybridization in evolution. Molecular Eco-
logy 10(3):551-68

2. Duranton M, Pool JE. 2022. Interactions between natural selection and
recombination shape the genomic landscape of introgression. Molecu-
lar Biology and Evolution 39(7):msac122

3. Mitchell N, Whitney KD. 2019. Hybridization and diversification are posi-
tively correlated across vascular plant families. bioRxiv 724377

4. Lu L, Fritsch PW, Matzke NJ, Wang H, Kron KA, et al. 2019. Why is fruit
colour so variable? Phylogenetic analyses reveal relationships between
fruit - colour evolution, biogeography and diversification. Global Ecol-
ogy and Biogeography 28:891-903

5. Messeder JVS, Carlo TA, Zhang G, Tovar JD, Arana C, et al. 2024. A highly
resolved nuclear phylogeny uncovers strong phylogenetic conser-
vatism and correlated evolution of fruit color and size in Solanum L.
New Phytologist 243(2):765-80

6. Milkovich M. 2023. Farms finding success with fruit diversification. Good
Fruit Grower, Yakima, Washington, USA. https://goodfruit.com/farms-
finding-success-with-fruit-diversification/

7. Gonzali S, Perata P. 2021. Fruit colour and novel mechanisms of genetic
regulation of pigment production in tomato fruits. Horticulturae
7(8):259

8. Sinnott-Armstrong MA, Downie AE, Federman S, Valido A, Jordano P, et
al. 2018. Global geographic patterns in the colours and sizes of animal-
dispersed fruits. Global Ecology and Biogeography 27(11):1339-51

9. Ranganath KG. 2022. Pigments that colour our fruits: An Overview.
Erwerbs-Obstbau 64:535—-47

10. Zhang X, Wang J, Li P, Sun C, Dong W. 2023. Integrative metabolome
and transcriptome analyses reveals the black fruit coloring mechanism
of Crataegus maximowiczii C. K. Schneid. Plant Physiology and Biochem-
istry 194:111-21

Page 14 0f 15

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Molecular mechanism of different fruit in hybrids of Lycium

Yang T, Ali M, Lin L, Li P, He H, et al. 2023. Recoloring tomato fruit by
CRISPR/Cas9-mediated multiplex gene editing. Horticulture Research
10(1):uhac214

Rajput R, Naik J, Stracke R, Pandey A. 2022. Interplay between R2R3
MYB-type activators and repressors regulates proanthocyanidin biosyn-
thesis in banana (Musa acuminata). New Phytologist 236(3):1108-27
Wang WQ, Moss SMA, Zeng L, Espley RV, Wang T, et al. 2022. The red
flesh of kiwifruit is differentially controlled by specific activation-repres-
sion systems. New Phytologist 235(2):630—45

Han K, Zhao Y, Sun Y, Li Y. 2023. NACs, generalist in plant life. Plant
Biotechnology Journal 21(12):2433-57

Zhu K, Chen H, Mei X, Lu S, Xie H, et al. 2023. Transcription factor
CsMADS3 coordinately regulates chlorophyll and carotenoid pools in
Citrus hesperidium. Plant Physiology 193(1):519-36

Sun L, Huo J, Liu J, Yu J, Zhou J, et al. 2023. Anthocyanins distribution,
transcriptional regulation, epigenetic and post-translational modifica-
tion in fruits. Food Chemistry 411:135540

KulczyfAski B, Gramza-Michatowska A. 2016. Goji berry (Lycium
barbarum): composition and health effects - a review. Polish Journal of
Food and Nutrition Sciences 66(2):67—75

Wang H, Li J, Tao W, Zhang X, Gao X, et al. 2018. Lycium ruthenicum stud-
ies: molecular biology, phytochemistry and pharmacology. Food Chem-
istry 240:759-66

Zeng S, Wu M, Zou C, Liu X, Shen X, et al. 2014. Comparative analysis of
anthocyanin biosynthesis during fruit development in two Lycium
species. Physiologia Plantarum 150(4):505-16

vuli¢ JJ, Canadanovié-Brunet JM, Cetkovié GS, Djilas SM, Tumbas
Saponjac VT, et al. 2016. Bioactive compounds and antioxidant proper-
ties of goji fruits (Lycium barbarum L.) cultivated in serbia. Journal of the
American College of Nutrition 35(8):692—98

Wang Y, Chen H, Wu M, Zeng S, Liu Y, et al. 2015. Chemical and genetic
diversity of wolfberry. In Lycium Barbarum and Human Health, eds.
Chang RCC, So KF. Dordrecht, Netherlands: Springer. pp. 1-26 doi:
10.1007/978-94-017-9658-3_1

Liu'Y, Zeng S, Sun W, Wu M, Hu W, et al. 2014. Comparative analysis of
carotenoid accumulation in two goji (Lycium barbarum L. and L.
ruthenicum Murr.) fruits. BVIC Plant Biology 14:269

Qiao F, Zhang K, Zhou L, Qiu QS, Chen Z, et al. 2022. Analysis of
flavonoid metabolism during fruit development of Lycium chinense.
Journal of Plant Physiology 279:153856

Tang Hao, Zhang Defang, Ma Yunting, Shi Wenjun, Xiaowen L. 2023.
Variation in leaves and fruit characteristics for lycium babarum, lycium
ruthenicum and their hybrid zone. Science and Technology of Qinghai
Agriculture and Forestry 4:70-74

Tang H, Zhang D. 2025. Hybridization and introgression of two
sympatric Lycium species revealed by simple sequence repeat (SSR)
markers. Genetic Resources and Crop Evolution 72:1717-28

Jiang F, Lv S, Zhang Z, Chen Q, Mai J, et al. 2023. Integrated
metabolomics and transcriptomics analysis during seed germination of
waxy corn under low temperature stress. BVMIC Plant Biology 23:190
Wang H, Liu C, Xie X, Niu M, Wang Y, et al. 2023. Multi-omics blood atlas
reveals unique features of immune and platelet responses to SARS-CoV-
2 Omicron breakthrough infection. Immunity 56(6):1410—-1428.e8

Wu J, He D, Wang Y, Liu S, Du Y, et al. 2025. An integrated transcriptome,
metabolome, and microbiome dataset of Populus under nutrient-poor
conditions. Scientific Data 12:717

Yi Z, Zhu ZJ. 2020. Overview of tandem mass spectral and metabolite
databases for metabolite identification in metabolomics. In Computa-
tional Methods and Data Analysis for Metabolomics, ed. Li S. New York,
USA: Humana. pp. 139-48 doi: doi.org/10.1007/978-1-0716-0239-3_8
Shahzad K, Nawaz H, Majeed MI, Nazish R, Rashid N, et al. 2022. Classi-
fication of tuberculosis by surface-enhanced Raman spectroscopy
(SERS) with principal component analysis (PCA) and partialleast squares
- discriminant analysis (PLS-DA). Analytical Letters 55:1731-44

Mishra P, Singh U, Pandey CM, Mishra P, Pandey G, et al. 2019. Applica-
tion of student's t-test, analysis of variance, and covariance. Annals of
Cardiac Anaesthesia 22(4):407-11

Chen Q,Bao L, Yue Z, Wang L, Fan Z, et al. 2023. Adverse events after the
transjugular intrahepatic portal shunt are linked to serum metabolomic

Zhang et al. Fruit Research 2025, 5: e045


https://www.maxapress.com/article/doi/10.48130/frures-0025-0034
https://www.maxapress.com/article/doi/10.48130/frures-0025-0034
https://www.maxapress.com/article/doi/10.48130/frures-0025-0034
https://www.maxapress.com/article/doi/10.48130/frures-0025-0034
https://www.maxapress.com/article/doi/10.48130/frures-0025-0034
https://doi.org/10.1046/j.1365-294x.2001.01216.x
https://doi.org/10.1046/j.1365-294x.2001.01216.x
https://doi.org/10.1046/j.1365-294x.2001.01216.x
https://doi.org/10.1093/molbev/msac122
https://doi.org/10.1093/molbev/msac122
https://doi.org/10.1101/724377
https://doi.org/10.1111/geb.12900
https://doi.org/10.1111/geb.12900
https://doi.org/10.1111/geb.12900
https://doi.org/10.1111/nph.19849
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://goodfruit.com/farms-finding-success-with-fruit-diversification/
https://doi.org/10.3390/horticulturae7080259
https://doi.org/10.1111/geb.12801
https://doi.org/10.1007/s10341-022-00698-3
https://doi.org/10.1007/s10341-022-00698-3
https://doi.org/10.1007/s10341-022-00698-3
https://doi.org/10.1016/j.plaphy.2022.11.008
https://doi.org/10.1016/j.plaphy.2022.11.008
https://doi.org/10.1016/j.plaphy.2022.11.008
https://doi.org/10.1093/hr/uhac214
https://doi.org/10.1111/nph.18382
https://doi.org/10.1111/nph.18122
https://doi.org/10.1111/pbi.14161
https://doi.org/10.1111/pbi.14161
https://doi.org/10.1093/plphys/kiad300
https://doi.org/10.1016/j.foodchem.2023.135540
https://doi.org/10.1515/pjfns-2015-0040
https://doi.org/10.1515/pjfns-2015-0040
https://doi.org/10.1016/j.foodchem.2017.08.026
https://doi.org/10.1016/j.foodchem.2017.08.026
https://doi.org/10.1016/j.foodchem.2017.08.026
https://doi.org/10.1111/ppl.12131
https://doi.org/10.1080/07315724.2016.1142404
https://doi.org/10.1080/07315724.2016.1142404
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1007/978-94-017-9658-3_1
https://doi.org/10.1186/s12870-014-0269-4
https://doi.org/10.1016/j.jplph.2022.153856
https://doi.org/10.1007/s10722-024-02048-6
https://doi.org/10.1186/s12870-023-04195-x
https://doi.org/10.1016/j.immuni.2023.05.007
https://doi.org/10.1038/s41597-025-05029-1
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1007/978-1-0716-0239-3_8
https://doi.org/10.1080/00032719.2021.2024218
https://doi.org/10.4103/aca.ACA_94_19
https://doi.org/10.4103/aca.ACA_94_19

Molecular mechanism of different fruit in hybrids of Lycium

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

changes following the procedure. Frontiers in Molecular Biosciences
10:1168782

Thole V, Bassard JE, Ramirez-Gonzalez R, Trick M, Ghasemi Afshar B, et al.
2019. RNA-seq, de novo transcriptome assembly and flavonoid gene
analysis in 13 wild and cultivated berry fruit species with high content
of phenolics. BMIC Genomics 20:995

Xiao Y, Liu J, Wei J, Xiao Z, Li J, et al. 2023. Improved high-quality refer-
ence genome of red drum facilitates the processes of resistance-related
gene exploration. Scientific Data 10:774

Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general-
purpose program for assigning sequence reads to genomic features.
Bioinformatics 30(7):923-30

Wu T, HuE, XuS, Chen M, Guo P, et al. 2021. clusterProfiler 4.0: a univer-
sal enrichment tool for interpreting omics data. The innovation
2(3):100141

Huang LQ, Zhang YZ, Zheng B, He Y. 2017. Lycium barbarum polysac-
charide attenuates cisplatininduced apoptosis in ovary granulosa cells
via alleviation of endoplasmic reticulum stress. Tropical Journal of Phar-
maceutical Research 16(4):827-35

Gong L, Yang Y, Chen Y, Shi J, Song Y, et al. 2016. LbCML38 and LbRH52,
two reference genes derived from RNA-Seq data suitable for assessing
gene expression in Lycium barbarum L. Scientific Reports 6:37031

Zang Y, Zha J, Wu X, Zheng Z, Ouyang J, et al. 2019. In vitro naringenin
biosynthesis from p-coumaric acid using recombinant enzymes. Journal
of Agricultural and Food Chemistry 67(49):13430-36

Lim SH, Park B, Kim DH, Park S, Yang JH, et al. 2020. Cloning and func-
tional characterization of dihydroflavonol 4-reductase gene involved in
anthocyanin biosynthesis of Chrysanthemum. International Journal of
Molecular Sciences 21(21):7960

Qin S, Liu Y, Cui B, Cheng J, Liu S, et al. 2022. Isolation and functional
diversification of dihydroflavonol 4-Reductase gene HvDFR from Hosta
ventricosa indicate its role in driving anthocyanin accumulation. Plant
Signaling & Behavior 17(1):2010389

Jang H, Kim H, Cho A, Yu HJ, Huh SM, et al. 2025. Structure and evolu-
tion of the Forsythieae genome elucidated by chromosome-level
genome comparison of Abeliophyllum distichum and Forsythia ovata
(Oleaceae). Communications Biology 8:254

Saini RK, Ranjit A, Sharma K, Prasad P, Shang X, et al. 2022. Bioactive
compounds of citrus fruits: a review of composition and health benefits
of carotenoids, flavonoids, limonoids, and terpenes. Antioxidants
11(2):239

Liang MH, Xie H, Chen HH, Liang ZC, Jiang JG. 2020. Functional identifi-
cation of two types of carotene hydroxylases from the green alga
Dunaliella bardawil rich in lutein. ACS Synthetic Biology 9(6):1246—-53
Rana S, Bhat WW, Dhar N, Pandith SA, Razdan S, et al. 2014. Molecular
characterization of two A-type P450s, WsCYP98A and WsCYP76A from
withania somnifera (L.) dunal: expression analysis and withanolide accu-
mulation in response to exogenous elicitations. BMC Biotechnology
14:89

Zhang et al. Fruit Research 2025, 5: e045

46.
47.
48.
49.
50.

51.
52.
53.
54.
55.

56.
57.

58.

Fruit
Research

Zi J, Peters RJ. 2013. Characterization of CYP76AH4 clarifies phenolic
diterpenoid biosynthesis in the Lamiaceae. Organic & Biomolecular
Chemistry 11(44):7650-52

Ratanasut K, Wongkhamprai B, Maknoi S. 2011. Expression of a
CYP76ABI1 correlates with the sequential white-blue-white colour transi-
tion of Vanda coerulea petals. Biologia Plantarum 55:353-56

Sun R, Liu S, Zheng Y. 2025. Genome-wide identification of the pigment
formation-regulating CYP450 family gives new insights into color
improvement in Bougainvillea. Scientia Horticulturae 341:113997

Zhou Z, Gao H, Ming J, Ding Z, Lin X, et al. 2020. Combined Transcrip-
tome and Metabolome analysis of Pitaya fruit unveiled the mechanisms
underlying Peel and pulp color formation. BMC Genomics 21:734
Miettinen K, Dong L, Navrot N, Schneider T, Burlat V, et al. 2014. The
seco-iridoid pathway from Catharanthus roseus. Nature Communica-
tions 5:3606

Hofer R, Dong L, André F, Ginglinger JF, Lugan R, et al. 2013. Geraniol
hydroxylase and hydroxygeraniol oxidase activities of the CYP76 family
of cytochrome P450 enzymes and potential for engineering the early
steps of the (seco)iridoid pathway. Metabolic Engineering 20:221-32
Zhao S, Yan F, Liu Y, Sun M, Wang Y, et al. 2024. Glycine max acyl-acyl
carrier protein thioesterase B gene overexpression alters lipid content
and fatty acid profile of Arabidopsis seeds. Functional Plant Biology
51(2):FP23001

Liao W, Guo R, Qian K, Shi W, Whelan J, et al. 2024. The acyl-acyl carrier
protein thioesterases GmFATA1 and GmFATA2 are essential for fatty
acid accumulation and growth in soybean. The Plant Journal
118(3):823-38

lkeda M, Kanao Y, Yamanaka M, Sakuraba H, Mizutani Y, et al. 2008.
Characterization of four mammalian 3-hydroxyacyl-CoA dehydratases
involved in very long-chain fatty acid synthesis. FEBS Letters
582(16):2435-40

Lee K, Lee JG, Min K, Choi JH, Lim S, et al. 2021. Transcriptome analysis
of the fruit of two strawberry cultivars 'sunnyberry' and 'kingsberry' that
show different susceptibility to Botrytis cinerea after harvest. Interna-
tional Journal of Molecular Sciences 22(4):1518

Kawano-Kawada M, Kakinuma Y, Sekito T. 2018. Transport of amino
acids across the vacuolar membrane of yeast: its mechanism and physi-
ological role. Biological and Pharmaceutical Bulletin 41(10):1496—501
Qian W, Miki D, Zhang H, Liu Y, Zhang X, et al. 2012. A histone acetyl-
transferase regulates active DNA demethylation in Arabidopsis. Science
336(6087):1445-48

Duan CG, Wang X, Xie S, Pan L, Miki D, et al. 2017. A pair of transposon-
derived proteins function in a histone acetyltransferase complex for
active DNA demethylation. Cell research 27:226—40

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Page 150f 15


https://doi.org/10.3389/fmolb.2023.1168782
https://doi.org/10.1186/s12864-019-6183-2
https://doi.org/10.1038/s41597-023-02699-7
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.4314/tjpr.v16i4.12
https://doi.org/10.4314/tjpr.v16i4.12
https://doi.org/10.4314/tjpr.v16i4.12
https://doi.org/10.1038/srep37031
https://doi.org/10.1021/acs.jafc.9b00413
https://doi.org/10.1021/acs.jafc.9b00413
https://doi.org/10.3390/ijms21217960
https://doi.org/10.3390/ijms21217960
https://doi.org/10.1080/15592324.2021.2010389
https://doi.org/10.1080/15592324.2021.2010389
https://doi.org/10.1038/s42003-025-07683-y
https://doi.org/10.3390/antiox11020239
https://doi.org/10.1021/acssynbio.0c00070
https://doi.org/10.1186/s12896-014-0089-5
https://doi.org/10.1039/c3ob41885e
https://doi.org/10.1039/c3ob41885e
https://doi.org/10.1007/s10535-011-0053-3
https://doi.org/10.1016/j.scienta.2025.113997
https://doi.org/10.1186/s12864-020-07133-5
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1016/j.ymben.2013.08.001
https://doi.org/10.1071/fp23001
https://doi.org/10.1111/tpj.16638
https://doi.org/10.1016/j.febslet.2008.06.007
https://doi.org/10.3390/ijms22041518
https://doi.org/10.3390/ijms22041518
https://doi.org/10.1248/bpb.b18-00165
https://doi.org/10.1126/science.1219416
https://doi.org/10.1038/cr.2016.147
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant material
	Metabolite profiling analysis
	Metabolite extraction and HPLC-MS/MS analysis
	Metabolite identification, quantification, and data analysis
	RNA extraction, detection, and assessment
	Library construction for transcriptome sequencing

	Data analysis
	Quality control, mapping, and novel transcripts prediction
	Gene expression assessment and differential expression enrichment
	Correlation network analysis of the metabolome and transcriptome
	Quantitative real-time PCR (qRT-PCR) validation for the transcriptome profile


	Results
	Metabolic profiling in the fruit of four hybrid types
	Sequencing quality and gene annotation
	Identification of DEGs and enrichment analysis
	Integrated analysis of gene and metabolite expression patterns
	Realtime-PCR validation of DEGs in four fruit types

	Discussion
	Author contributions
	Data availability
	References

